We discuss the Geneva Monte Carlo framework, which combines higher-order resummation (NNLL) of large Sudakov logarithms with multiple next-to-leading-order (NLO) matrixelement corrections and parton showering (using Pythia 8) to give a complete description at the next higher perturbative accuracy in αs at both small and large jet resolution scales.
Introduction
Present and future colliders require accurate and reliable predictions of QCD effects, beyond the lowest perturbative accuracy in the strong coupling α s expansion. For inclusive observables, such as total cross sections, the lowest perturbative accuracy is obtained via a fixed-order expansion in powers of α s , truncated at the leading order. To get accurate results, one is usually forced to go at least to the next higher order, i.e., NLO, or even to NNLO. For more exclusive observables, the presence of logarithmically enhanced contributions in certain regions of phase space requires an all-orders resummation to obtain physically meaningful results. In this case, the proper lowest perturbative accuracy is the (N)LL resummation. In general, a description which aims to be valid across the entire phase space demands a combination of both types of corrections. At the lowest order, such a combination is achieved in Monte Carlo programs by the standard merging of matrix elements with parton showers (ME/PS). 1, 2 The Geneva framework 3 extends this to higher perturbative accuracy by including the fixed NLO corrections as well as the NNLL resummation of the jet resolution parameter, which in our case is chosen to be N -jettiness 4 due to its simple factorization and resummation properties. An immediate by-product of this combination of fixed-order and resummed results for different jet multiplicities is the merging of multiple NLO calculations, which has been the subject of several recent theoretical efforts. 5, 6, 7, 8, 9 The key difference in our approach is the inclusion of higher logarithmic resummation b of the jet resolution scale τ cut , which allows us to push it to much lower values than fixed-order perturbation theory would allow. In this way, we can avoid the restriction α s ln 2 τ cut 1 that limits the range of applicability of other approaches.
a Speaker b The inclusion of higher logarithmic resummation has also been proposed in a subsequent work 10 as a possible way to remove the dependency on the jet resolution scale.
To provide further parton showering and hadronization, Geneva is interfaced to Pythia 8. 11 In this way, the best possible theoretical predictions in the context of fully exclusive Monte Carlo event generators can be directly made available for experimental analyses.
Theoretical framework
We now give a brief description of our method, referring to the Geneva paper 3 for a comprehensive discussion. We first separate the exclusive N -jet and inclusive (N + 1)-jet regions,
where dσ/dΦ N (T cut N ) is the fully differential N -jet cross section for T N < T cut N and dσ/dΦ N +1 (T N ) is the fully differential cross section for a given N -jettiness value T N (Φ N +1 ). The parameter T cut N is a small infrared cutoff ∼ 1 GeV, whose dependence in the final results cancels to the required resummation order. In the N -jet region, where T N is small, we then resum the logarithms of T N /Q, with Q some hard scale of the process. In the (N + 1)-jet region, at large T N , we instead use a fixed-order expansion in α s . To properly combine the higher fixed-order results at large T N with the higher-order resummation at small T N , with a smooth transition between these two regimes, we employ the following master formulas,
where the superscript "resum" indicates an analytically resummed calculation and "FO" indicates a fixed-order calculation or expansion. This construction can be iterated in the case of several multiplicities. 3 At this stage, we have explicit control of the perturbative uncertainties and are able to estimate reliably both the fixed-order and resummation uncertainties and to combine them to provide perturbative event-by-event uncertainties.
Once the partonic Geneva events are generated according to Eq. (2) -or its generalization in case of more jet multiplicities -they are fed through the Pythia 8 parton shower, whose purpose it is to fill up the jets with additional emissions. To preserve the perturbative accuracy of the higher-order resummation, the shower is constrained not to change the weight of an event and to preserve its value of T N . (In general, this is a nontrivial constraint and can be implemented with sufficient approximation and manageable efficiency.)
Finally, we rely on the Pythia 8 hadronization model to hadronize the final-state partons. No further constraints are applied in this step, since Geneva's partonic predictions do not include any nonperturbative effects.
Results
We first present results for e + e − → 2/3 jets, using 2-jettiness T 2 as the 2-jet resolution variable,
which is simply related to thrust T by T 2 = E cm (1 − T ). We perform the resummation in T 2 to NNLL and include the full NLO 2 , NLO 3 , and LO 4 fixed-order matrix elements; i.e., we obtain NNLL T +NLO 3 predictions.
In Fig. 1 , we show our results before and after Pythia 8 showering, compared with analytical resummations, for 2-jettiness, heavy jet mass, and jet broadening. We focus on the transition region, where the resummation and fixed-order calculations are both important, and their proper combination is necessary. Geneva results are obtained with E cm = 91.2 GeV, α s (m Z ) = 0.1135 (from N 3 LL thrust fits 12 ), and Pythia 8.170 with e + e − tune 1. The perfect agreement for the T 2 distribution, in both the central value and in the theoretical uncertainties, is a nontrivial crosscheck on the correctness of our implementation. Predictions for observables other than 2-jettiness are instead important to validate the Geneva framework, since the logarithmic structure of these observables will in general be different from that of 2-jettiness. The close agreement with the analytic resummed results we find demonstrates that Geneva is able to capture a large set of higher-order logarithms for observables other than the jet resolution variable T 2 . In Fig. 2 , we show our final results, including Pythia 8 hadronization, finding excellent agreement with ALEPH and OPAL data.
Next we discuss the ongoing extension to hadronic collisions. We show first results for pp → (Z/γ * → + − ) + jets, matching the 0-and 1-jet multiplicities, and using beam thrust, 13 as the resolution parameter. An additional complication compared to the e + e − case is the presence of initial-state radiation. In the resummation, the collinear radiation from the incoming partons is described by beam functions, which can be factorized into a convolution of the usual parton distribution functions and perturbatively calculable coefficients. 13 In Fig. 3, we show Geneva results at NNLL+LO 1 for Drell-Yan production in pp collisions at E cm = 8 TeV, sampling the invariant mass Q of the + − pair around the Z pole in the M Z ± 10 Γ Z interval. The agreement of central values and theoretical uncertainties with the fixed-order calculation at large T 0 and with the NNLL analytic resummation at low T 0 serves as a useful validation.
Conclusions
From the Monte Carlo perspective, the Geneva framework achieves the combination of higherorder resummation with multiple NLO calculations. From the resummation perspective, it allows one to obtain fully differential results that correctly include the resummation of the jet resolution variable to higher logarithmic accuracy. We have presented results for e + e − collisions, employing 2-jettiness as a resolution parameter. Using α s (m Z ) = 0.1135 together with tune 1 of Pythia 8, we obtain an excellent description of ALEPH and OPAL data, both for thrust and for observables whose resummation structure is distinct from that of 2-jettiness, namely C-parameter, heavy jet mass, and jet broadening.
The extension to pp collisions is in progress. Here, we have concentrated on the Drell-Yan process at the LHC, using beam thrust as the jet resolution variable and showing the first steps of such an implementation.
